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S, QNiY MWTEEi 4LSc HSE:AIM-i AiGENCY

BLACK 5 .Y P";7RENCE FOR TEMPERATURES AK"VE 1200 K:
S-,-T6Y FOR D'ESIGN REQUIREMENTS

ABSTRACT

etre m~ie in the design~ of a teeperature reference ui,:t, in-
cerpratng viuu4 gvstcm viti' s ightirg *;.indow, for t.tperatures
rani:~zrvm X~o to 2.'00 K. In Titw of' the many rarisbles present,

the d 'stloiv w~ks -pplem~ehteil with analytical and exper-imental data.
Iacludta- in thi4 wvt1k ,werr transmittan~ce stujixes of difftrent sighting
winowfo f:,t -!#zkJbodv radia-.ion, the study of thermal shielding, and

expexnenai ~i ;f blackbody radia!.ion. The window materials avail-
able includcd x." il.ica, c*1cium fjuora-de, and sodine chloride.

Recon~eidat 4-t .-e'ade in regard to structural materials, sighting vindows,
and therral shielfziing,
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INTRODUCTION

The cahibration of terperature-measuring instruments, such is total
radiation detectors or si;Icon photovoitaic detectors. at high tez'pera-

tures requires tne use of a blackbodv teoerature reference. Aitntugh
a nufber o€! btackbody, temperature references are commercial1v tiaie

most are suitabie onlv for temrzratures below 1400 K. The availability
of temperature references for hi&her temperatures (abeve 1400 K) becomes

further ixe-ited "hen these are to include blackbod" reference areas .
moderate dimenslons. in order to fulfill the above requirements. design
studies were initisted relature to a temperature refercnce init fir

temperatures beginning at 1200 K and extending beyond 2000 K. The maw
points ew niajzed were the design of a suitable hih temperature refer-
in^ce unit ccntsinllg a sighting window, and the deternation of anpropri-
at tra;smittance or correct;en factors for the D8:tiCult- window.

TECHNICAL CONSIDERATIONS

General

in reviewing the baslc ideas for the design of a high temperature
reference unit, various Ideas were considered. The temperature refer-
ence unit should function as a blackboiy, that is, follow a Planckian
intensity distribution for the entire temperature range covered. The
reometric configuration of the heating element should be that of a uni-
form temperature enclosure with an opening for temperature or radiation
sightings only.

Hith tempersture generation can be accomplished by many means in-
cluding induction heating, dielectric heating, and resistance heating.
The use of resistance heating, however, is desirable because electrical
power outlets are usually available in laboratorv areas, and many high-
temperature materials are conductors of electricity so that these can be

heated by direct or alternating current. The use of tantalum, tungsten,

colusbium, and graphite merit particular consideration in this respect.

All are suitable for high-temperature operation in an appropriate atmos-
phere and ali can De fabricated with varying degrees of difficulty. The
use G! an oxzde as a material, such as zirconium oxide: can also be con-
sxder- in combination with dielectric and resistance heating. Zirconium
oxide, however, is poor in thermal-shock resistance and would not remain
intact after short periods of use. In general, the selection of a re-
fractory ;r'al or graphite for the heating element is preferable.

Vany d-tices, when heated, ct ;e considered as temperature refer-
ences en hr-mile. The goat common is the tungsten-filament lamp used
as a sfandard for the calibration of optical pyrometers. Here basic

citations are present nich affect calibration measurements. The width
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e tA'e Cuse rt l usuauv narrow whr'rkes ht ir-ractica to use with

ranY total radatkn-tvpe istruents. Furthermore, technical data re4-

atIre to the ln fared s: ctrur o the tunrstfn I aent, together wilt

transmission corrections f&r the curve glass enriosure surrounding it,

are not tenerasv svailable.

The problem of high-temperature oxidation of the structural materixis
for the temperature reference unit can be resolved b excluding the oxn-
diting atmosphere and using a vacau± syste with appropriate sighting

windows. The use of windews, unfortunatelv, compicates the problem 0f

infrared radiation since all windo- mate als reduce, by reflection and

absorption, the infrared radiation etanatSnf8i from a source, Consequenth%,
a satisfactory technical design must alilo for an adjustment of such Josses

under all temperature conditiops; s'd the deslun considerations must in-

clude the use of appropriate correction factors in conjunction with the

temperature reference equipment.

To obtain the required correction factors, Iational studies had to
be performed. These included blackbody radia:ion studies on a theoretical
and experimental basis: and transmission studies of the window materials
on an analyticaI and experimental basis.

To increase operational efficiencv, supriementary studies were also

needed relative to temperature reference components. These included
thermal shielding studies on a theoretical basis: and electrical studies

of current and voltage on an experimental basis.

Radiation Theecry

When initiating the design of a blackbody temperature reference unit,

the basic laws and associated principles of therral radiation should be

considered. A blackbody differs physically from conventianal materials in
that it is both an ideal thermal absorber and an ideal thermal emitter. No

known substance is a perfect blackbody radiator as such, but biackbodi

radiation can be nearly simulated from a small hole made in the wail of a

uiformly heated enclosure.

An important law describing an ideal thermal emitter is that orifi-
nalyI proposed by Planck.2- 4 This can be written siMply as

S88 kT) mctc e- Ar.

where j,. . the n'r-"'v of radatzoc o- Ie i-eal e ,,er per

unit area per utit waveength nterval a a particular wavelength -0ni

C. are two radiation constants. b is the wavelength, and T is a hekcflo



temperature. This equation gives the intensity of radiation of an ideal
emitter at a particular wavelength in terms of wave length, temperature,
and two basic constants. Equation I ran be integrated for all wavelengths

to obtain the total intensity of radihtion.

= u " -- !T-id,.- (2)

Upon integration of Eq; -ion 2 within z * prescribed li-ts, the Stefan-
Boltzmann equation is t..en obtained: ' 4

c( T4  (3)

Where Int(T, is the total intensity of radiation per unit area, a is the
Stefan-Boitzman c~nstant, and T is the absolute temperature.

Equs:zwi I shows that the intensity of thermal radiation of an ideal
thermal I" " t s rClated to the fourth power of the absolute temperature.
Many tenperature-metsurini devices, such as total radiation detectors, can
be desigced and constructeJ in accordance with this known relatiouship.

Of course, one could use a thermal emitter which is not a blackbody radi-
ator as a reference, but here it is found that additional terms have to be
included in Equations 2 and 3 to describe adequately the thermal radiation
phenomena. These additional terms cre known as the emittasces of a mate-
ris and are usually a function of temperature, wavelength, and surface
condition. It can be seen then that the design of a temperature or radia-
tion standard would be preferable when based on Equations 2 and 3. The
principal reason for this is that the emittance of a blackbody. whether

spectral or total. is a constart and equal to unity.

No-, the amount of spectral radiant energy received by a temperature-
sensitive detector is dependent on the effect of the geometry sad optics,
g, of the detector together with the spectral transmittance -x(X) of the
w1.dow. The resultant energy per unit time received by a detector can be
written as

Jerr kk,T) 0 0hJ.k(XT) (4)

where g is a constant which include4 the area of the blackbody source and

the distance between the detector and the blackbody source. It also
inc i udes the characteristics of the optical system contained within the

-te tor. The spectral transmittance -k(X) represents the fraction of the
ncdent radiation which is tran*mitted by the window at a particular

wae lengh. It is a functio. x the window material and wavelength of the
ispingnig radiation.

I
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MN The total amount of blackbodv radiatiin received by a temperature-
sensitive detector can be written as

where r(T) is the total transmittance. Here the total trans-ittance dependsAl Cj A d e ee c n , te err , -on

on the spectral distribution of the ackbody reference and, therefore, or
the temperature of the blackbody reference.

The total transmittance -T) can be mathematically interpreted as
being composed of two psrts, that is

(T) = -cOT)- (6)

where r-c(T) represents that fraction of the bilackbody radiation alloci
to pass, considering only the cut-off wavelength of the window: and
represents that fraction of the bilackbody radiation allowed to pass, con-
sidering both the reflection and absorption losses of the window, up to
the cut-off wavelength. The cut-off wavelength is taken to mean that -ave-
length beyond which the transmitted radiation is undetectable with the
equipment used.

In the case of a fused silica window which has a cut-off wavelength
at 4.66,.. Equation 6 can be written in detail as

jj-r(T) "d .' { ' JB '\T d 7

or as

r(T) 1 . . . . (8)

, kL k JBB. .. (.T)d

Using Equations 5 and 8. the total amount of blackbodv radiation re-
ceived tv a temperature-sensitive detector with a fusea silica window can
now he written in detail as

4



r(k, T) - jA_

kBB(T) g} ;j 0,T)d.. (9;
-fJBs 10 T)-&,

In this study, Equations 6, 7, 8, and 9 were used.

Thermal Shielding Theory

In one phase of the experimental work a single tantalum shield was
needed and used to -duce power losses by thermal radiation. I. was real-
ized, however, that a multi-element thermal shielding unit, pa.' icularly
in a vacuum environment, would be greatly superior. Some of the advantages
of a multi-element thermal shielding unit, therefore, were briefly reviewed.

In the case where a cylindrical configuration is used, it can be shown
thot the equation below satisfactorily describes the heat transfer charac-
teristics for % multi-element shield.6 For mathematical simplicity it is
assumed that concentric infinitely long cylinders are employed as shields
and that the emissivity of all surfaces, including the hot surface and the
sink, are equal. The equation, then, can be written as

q (10T)'~aX

-a+ I r)r2)or

where

qAO - rate of heat transfer per nuit area from the hot surface
-- the Stefan-Bolttmann constant

To - temperature of the hot surface
To,! - temperature of the cold surface (sink)

C total emissivity (assumed to be the soma for all surfaces)
n n number of thermal radiation shields

Ar - change in radius between consecutive cylindrical shields
r- radius of the hot surface A

If tLe ratio Arir0 becomes very small (r0 large relative to Lr),
Equation IO reduces to the form

SZ

4¢.



Ao  (n+l) 2"-E

This equation describes the heat transfer Ly radiation from a source to a
sink where all surfaces, including the shields, are infinite parallel planes.

If n = 0, that i-, there are no cylindrical thermal shields present,
an equation of the form below can be used:

q a (T4T4) (2

A (12)

This equation describes the heat transfer by radiation from one cylindrical

surface to another cylindrical surface which surrounds it.

The effects of shielding on power loss by radiation can be explored by
first studyiig the least desirable condition and then studying the more fa-
vorable conditions. In all cases, it will be assumed that T>>Tu+i, A0 is
a constant, Ar is a small constant increment, and the ratio Ar/rz 1/10.

The least desirable condition exists when there are no thermal shields
present and when the total emissivity for the remaining cylindrical source
and the sink is a maximum, that is, e = I (assuming the same spacing between
source and sink as will later be present between shields). The ratio qiA o

would be large and, for the sake of discussion, let it be assumed to have
a magnitude of 10,000 on a relative scale.

If tantalum is used, where e = 0.3 approximately, then the ratio qiA.
is reduced to 1833. This value is considerably smaller than the first. If
thermal shields are progressively added, the ratio q/A. becomes progressively
smaller. For example, if six cylindrical shields are used, the ratio q/Ao
is reduced to 330. Figure 1 illustrates this condition. It shows various

magnitudes of q/A0 as a function of the number of shielda employed. There-
fore, if one uses a certain number of shields, the thermal efficiency can
be greatly increased.

EQUI PMENT AND PROCEDURE

Bqsed on the principles reviewed, a simplified blackbody reference
unit was assembled for study apd experimentation. Figure 2 shows a diagram
of t n,! blackbody reference unit with pertinent dimensions. The tubular
graphite element shown was 11 inches in length; the outside diameter was
0.75 inch; and the wall thickness was 0.03 inch. Graphite end-plugs, to-
gether with water-cooled copper electrodes, were used to complete a direct-

6
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current circuit. A shunt resistor was added to the circuit in series with
t~e graphite cylinder. Since the resistance of the shunt was a known quan-
tiLy, the current could be determined when voltage measuriements across the
shunt ztsistor were made. Similarly, the voltage across a 4-inchs length of
the cylin_ r could also be determined by the use of tungsten-wire probes
embedded thtc-vt thr wall iA t graphite cylinder. The power input for
this length of fLy'inaer ,-jd -hta be determined; in addition, an analysis
could be made of the cur-3nt ~iiyand power requirements at a partic-
ular temperature. Figure .i -~~i schematic diagram of the assembled
blackbody reference equipment.

The temperature-measuring instruments available were a micro-optical
pyrometer and a total radiation detector. The pyrometer was one which
could be used at different foeal distances and on small target areas. Tem-
perature sightings and measurements with the pyrometer were made visually
at an effective wavelength of 0.65 micron. The total radiation detector
operated on the principle that the total infrared radiation received was
converted to an electrical output signal. The detector contained a calcium
fluoride window and two mirrors in its optical system which focused the
infrared radiation from the source onto a heat-sensitive element. This
element, a thermocouple, produced an electromotive forc2 which varied as
the temperature of the source varied.

Another radiation-measuring instrument available for this stuy was an

infrared spectrometer having a monochromator witi single-beam, double-passd
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Figure 1. !CjuFHA1JC 21 A14 OF 6ACr%?z3Y REFERENCE EWIPHENT
capabilities. This isl ruOent was able to rep-odice the radiation inte a:!V

from the tempersture rzferenre unit as a function of the c-velenjt

Current aid voltage me3nzements were xecor-led with an sutostlic-
recording potentiopeter (And witb a nLfl-type potentilmeter) using the tung-
sten probes for vo3tcge ae urents ard current shunt resistor for current
measurements at an initial tkmner~ture of ahout 1200 K. As thig te~verature
was increased, current and voltqge measurements were again recorded. *This
procedure was continued over e wide r. nge of temperatures.

The miilivolt cutput of the total radiction detector was determined
with the aid of a nul)-type potentiometer while measured temperatures were
made wict a mro-orci:a! pyroxcter. In this manner, the response of the
total radiation detector; with a foged silica sighting window was measured
(although at Yet uncorrected for tronsmittance). Similar procedures were
followed after the window cn the vacuum chamber was replaced with * calcium
fluoride window and later with a sodium -hieride window. Correction factors
were then applied to this data to obtain the final result#.

RESULTS AND DISCUSSION

AMtkough the transmittance data of the selected window materials hay-!
been obtained 7revicusly by other invstigators, these properties, particti-
latly near the region of the cut-oz1 wavejength, were again reviewed and
determined. Figure 4 hows the transmittance curves of a fused silica
window (SiO.3); a ca!cium fluoride window (CaF 2 ): and a sodium chloride
window (Na(.l). The da.a renging from 1.0 micron to the cut-off wavelengths
sthea were obtained experimentallv with an infrared spectrometer. The data
in the wsvelength region below 1.0 micron were calculated from known values
of the reffctive it'ex 5 -8 togetLer with Freanel's r-flect-on iormuia for
normal incidence. The turves show that at a wavelength of 1.0 micron the

8



calculated values are
in agreement with the I-

exparr'u: rulues. L
The data ftr thG ci - ;

mrntals e S - r - *

approxim'taly 2.0 ". - - . -- ,

VSr~oua thicknc,,es r 9urt 4- TEANSNTTAIC DATA OF SUECTtO K;aDO% MAER4A
are noted with te
t:arnittanc curves. T windows *ar rarrebenttve of other: side o

the Isme ma¢eri l, prOvided that the window rte~ss _,a not ?:fter
apt ciably from the vc.e shown.

For iIhItative purposOa theoretic-a h'4zckboy radial ins c.r s at
different temperItures r shown in F:g-- 5. These LCTeD are_ hnMed un
Panck's work and can be represented th difieret temperatures by Eoation

1. Here radiarzon intenuities are shown as a function of wavelength and
temperature. The temperature range extends from 1000 K to 3000 K It can
be seen that the radiation inlonsitica are very small neal 0.2 micron even
at the higher temperatures, andt ththe peak intensitie- shift towsrd the
shorter wsweleng:hs as the temperature is increased.

in order to determine the totld uensmittance of the different windowafor blackbody radiation at diferent temperature, the data and equations
presented i previous sections were required. The data shown in Figure 4,
in turn, were used with the data of Figure 5. The results were interpreted
in accordance with Equations 6, 7, and 8.

As previously mentioned, (T) represents that fraction of the black-
body radiation allowed to pass considering only the cut-off wavelength of
the fused silica window at 4.66 microns. It ws determined analytically
using theoretical blackbody radiation values (Figure 5) together with the
known value of the c't-ofi 'oint. A mathematical description can be found

s.:rt e 5. The fraction -,A(T) represents the blackbody radiati-n
loaed to pass considering bot reflection and absorption wassea of the

fused alica window, up to the ,:ut'off wavelength. It was obtained by
using theoretical blackbody radiation values (Figure 5) together with the

tr~nsmittanc. data r'f the window (Figure 4) and thn applying tI'e methods
of n'mericue integration. The mathehemical principles are based on the
summing up of individual transmitted radiatio magnitudes for sieefted
wsvelength increments. The tot l transmittance (expressed as percent trans-
mittance) r(T) for blsckbo radiation is the correction factor needed.

9
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The toaliu tranmitance ofthe fndcate ahndth sodium chloride wno

would be the most desiraLle from the point of view of infrared trinsmission.
However, the principal disadvantage of this window is that it fogzs gradually
when exposed to atmosphere in relative humidities above 40% and folzs rapidly
at levels above 80%. The window then becmes limited in infrared transmis-
sion. Although the wiudow surfaces can be repolished. this added inconven-
ience Is present.

The infrared radiation output charcteristi-:s of the temperature refer-
cTce unit were then reviewed by comparing the *oretica radiation curves
with the rperi-mctaln s radiation casves. FigreSy thamine in tione
ampittudes ereatv increase with temperature and that definite intensitl

ratios exist betw'reen any two teMperature curves et each waveienjeth. Forexamp e, ata wavelengt of 2.0 micrs, intensity ratios of 1.50, 1.66, 1.91
and 2.35 are obtained. These intensity ratios are tssociated with the tem-
pftrerure curves of 2000 K'iO K. 1800 K/600 K, 600 1400 K, and trn K,'
I2n K. respectively, wi xlo r ratios can be extended to ncdude other

10
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wavelengths. Figure 7 shows a group of experimental cu:ves which have

been obtained with the aid of an infrared spectrometer. These curves are

of blackbody radiation which has been attenuated by the calcium fluoride

window and the air environment present in the room. They are similar in

form to the theoretical blackt'ody curves and characterize the radiation

reaching a temperature-sensitive detector. The wavelength, indicated on

the abscissa axis, is nonliner and is appropriately marked; the tempera-

tures shown have been obtained with a micro-optical pyrometer. Of signif-

icance are the large H20 and CO2 absorption bands near 2.ru and 4.
3 a.

Now, if the experimental curves of Figure 7 are blackbody radiation

carves, the same ratios should be obtained at the sant wavelengths as with

the theoretical curves, since that attenuation, due to all the factors men-

tioned above, has been held constant. Table I contains the magnitudes of

the ratios of blackbody radiation, both for the theoretical and experi-

mental curves. Some of the temperatures for the experimental curves are

slightly higher than those shown for the theoretical curves, but when all

the ratios are reviewed with this in mind, the data is in good agreement.

One still should consider the possibility that these curves could also be

representative of a graybody, since unpolished graphite does have radiation

characteristics of a graybody with an enittance constant near 0.9.'o

2I..o - i..!

I l I

14'91

~i~2 I180*5 K o

1-0 1.25 2.0 3.0 4.0 5.0 6.0 .0 9.0 10.0
w#AELEN If W I:r' (AS

Fours 7. BLACDOY RADIATION, EXPERIMENTAL

(CALCIUM FLUORIDE wIOOw A D AIR ENVIRONMENT)
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This would undo'btedlv be the case if the radiation was from a flat Kraphite
piece alone, but the geometric configuration of this -aterial has been
chosen to approximate biackbody conditions and it is believed, therefore,
that the behavior tends to be that of a blackbody.

Figure 8 shows another group of experimental curves obtained with an
infrared spectrometer. TI-se are the blackbody radiation curves which have
been attenuated by the fused silica window and the air environment in the
room. Of significance is the region near the cut-off wavelength of 4.6 6.
The radiation intensities here have been drastically reduced in magnitude
and the Co2 absorption band near 4.3.p no longer can be recognized. Table
I also shows the magnitudes of the ratios of blackbody radiation both for
the theortical and experimental curves -up to a wavelength of 3.Sa. Al-
though these curves are repetitious of the data obtained with the calcium
fluoride window, they do illustrate the effects of a sharper cut-off.

The study of blackbody radiation was continued using a total radiation li
detector in conjunction with a micro-optical pyrometer. Figure 9 shows
the total radiation detector output in millivolts (both uncorrected and
corrected) for a fused silica window, a calcium fluoride window, nd a

1 2

M loCC i3$$TIOq 9ak I

2-

. 2.5 3 . 5.-0 6.0 -.0 6.0 10.. 0.-
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sodium chloride window. The uncorrected data indicates that the attenua-
tion of the fused silica wundow is such greater than for the other windows.
This was anticipated from the known transaittances of the pertinent window

materials. The corrected data was determined by applying the correction

factors r!T) found in Figure 6. At 0.10 millivolt the corrected tempers-

ture readings are 1A10 K, 1423 K, an1 1430 K; at 0.24 millivolt the cor-

rected temperature readings are 1736 K, 1750 E and 1755 K; and at 0.38 oil-

livolt all of the corrected temperature readings are 1953 K. The tempera-

ture dizerences range from 1.4 percent approximately to zero percent with

the largest difference occurring near 1400 K. Ideally, all the resultant

curves should overlap* that is, the data should be represented by one curve
after the correction factors are applied.

Since tenp-rattre stability of the temperature refer ace unit was a

function of current and voltage stability, it was important that these mag-

nitudes did not fluctuate or change appreciably during the periods of r-
diation measurement. For this reason, current and voltage moagnitudea were
reviewed at the different temperatures. For example, at a temperature of

i188 K. the current was 105 amperes and the voltage (along a 4-inch length)
was 1.08 volts: at a temperature of 2218 K, the current was 332 amperes
and the voltage was 4.95 volts. It was noted that both current and voltage
remained stable during a!l periods of radiation data acquisition.

During the various tests, there was a slow deterioration of the tsnta-
lam heat shield with corresponding changes in surface emittance; in time
these changes affected the power input requirements. This deterioration
was probably due to two basic causes: the oxidation of tantalum in a vacuum
environment of 35 microns of pressure and the reaction of tantalum with
graphite at the higher tesperatures.1 1 One solution is the use of a higher
vacuum and an all-tantalus temperature reference unit. Nortally, this slow
deterioration is not a severe problem since simultaneous temperature measure-
wents can be made quickly with the different instruments. This could be a
problem if one wishes to calibrate the temperature reference uit (tempera-
ture versus power input) or if one is limited is the maxims curiest avail-
able from the power supply.

One other point which can be mentioned is that although total radiation
detectors are designed in accordasce with the Stefas-Boltzmasm law (Equation
3), the physics situation as it exists im the atmosphere differs slightly

from this law. This is due is part to the absorption bands present in the
atmosphere and shown in Figures 7 snd 8. Here1 again, the effects of the
large absorption bands occurring near 2.7. (12O sad c ) and 4.31 (W02) can
b, seem together with the smaller absorption bands occurring sear 1.3;t (N0)
and 1.9;i (H20). The radiation detector them sees something less than it
would in a vacuum environment alone. The response of the radiation detector

does not conform to the Stefan-Bolttan equation, which contains a parameter
of absolute temperature to the fourth power but actually cosforns to son-
thing less than the fourth power. Of course, most temperature measurements
are performed with the respective instruments located is as air atmosphere.
Temperature caibrations are also performed in an air atmosphere by comparing



one instrument against a standard instrument and the above absorption bands

are not required in detail.

Although the correction factors shown in Figure 6 have been evaluated
to 2000 K, these values could be extrapolated to 3000 K without substantial
error. The reason for this is that 3lI the curves representing the re-
quired correction factor are nearly linear beyond 2000 K. In addition, the
characteristic slopes of the respective curves are known together with the
upper limits of the percent transmittance (dotted straight lines). As the
temperature increases, the percent transmittance increases together with
an increase in the magnitude of the correction factor.

COCt.USIoS

The results of this study show that a simple, economical, blackbody
reference unit can be construtted for operation at temperatures ranging
from 1200 K to 2100 K. At these high temperatures, a vacuum an te capable
of operation well below 35 microns of pressure is necessary principally to
reduce the effects of oxidation. After steady-state conditions have been
attained relative to oxidation, out-gassing, and reactiop of the component
materials, it may 6e possible to remove the vacuum equipment after first
sealing off the evacuated vessel containing the high-temperature components
sad sighting window. This arrangement would not require the vactum-punping
equipment as u permanent fixture but only during this initial phase.

A sighting window is required with the blackbody reference equipment
to provide access to the radiation source as well aP to excdude the exter-
nal atmosphere. However, a correction factor, r(T), dependent on the
transmittance of the sighting window, needs to be known when using this
equipment for the calibration of new instruments. Any of the windows pre-
viously described can be used since the correction factors are known.
These remain constant at a particular temperature ane !ir sustained periods
of use.

Provisions should also be ade for the continuous measurement of cur-
rest and/or voltage. The initial selection of the power supply is depend-
ent on the magnitude of the current needed and used; in addition, any
current and voltage fluctuations would be an indication of temperature in-
stability of the blackbody temperature reference unit. Depending on the
power supply chosen, it may be possible to operate the unit without the
need of a temperature-controlling device.

With appropriate selection of materials, a blackbody reference unit
can be constructed for calibration purposes at even higher temperatures.
Although graphite was used in this analysis as the principal structural
material, a refractory aetal1 2 .13 su,:h as tantalum or tungsten can be sub-
stituted. Tantalum is preferable because of its ductility and strength;
but additional experimental tests are required to study factors such as
loss of strength as a function of high temperature for the particular design
configuration employed. The use of an al!-tantalum b' ckodv reference unit

16



would probably necessitate the addition of a high-emattance ceramic oxide
(dielectric) within its interior for favorable blackbody radiation char-
acteristics. The basic heating element would be thin-walled and the unit
could be enclosed by a multi-elesent tantalum heat shield. The use of
tungsten sheet can also be considered as another building material although
it may become limited because of brittleness associated with crystal growth
rt high temperatures. Such a temperature reference unit should prove to be
satisfactory for operation at temperatures up to at iest 2500 1.
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